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During the period covered by this Summery Progress Report, the 

main emphasis of r oseeroh work WB.H put on the development of new high temper- 

ature materials having a ohromlum-boron base. In the previous Susmary Report 

we briefly reported on some rather encouraging results in thie connection and 

an attempt was made during the past report period to establish metallurgical 

characteristics, processing procedures and the physical properties for these 

new materials} the results reported below represent a summary of physical 

properties for the BOROLITE III (300 aeries) and BOROLITE IV (400 series) 

compositions investigated to date. 

Durin„ -he initial report period all samples were produced by hot 

pressing using direct conduction heating. However, it became quite obvious 

that control was rather poor and that from a commercial yoint of view greater 

reproduoibility would "oe insured through the use of standard cold pressing 

and sintering techniques. Since the sintering techniques were yet to be 

established, a certain d<slay in research work as such oocurred. It proved 

rather difficult to locate a furnace that would readily maintain sintering 

temperatures at 1500° and 1600° C and still have a pure and dry protective 

atmosphere. After th*se experimental difficulties had been overcome and new 

methods for part production developed, initial test samples were submitted to 

companies such as the General Electric Company and testing activities such as 

the Naval Research Laboratory in Washington, D. C. and the National 5ureau of 

Standards in Washington, D. C. Results generally showed that BOROLITE 'XI 

(300 series) had excellent stress to rupture properties. 

During the past report period, a new alloy for use at high tempera- 

ture was also worked on. The trade name "BOROLITE IV" (400 series) was 
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assigned to this alloy which is composed substantially of chromium, molyb- 

denum and boron. Initial results on B0R0LIT2 IV show excellent high tempera- 

ture properties. In most instances, BOROLXTE TV has shown superiority to 

BOROLITE III alloys which nay have to be eliminated in the light of 

BORGLITE IT performance. 

Previous Svsxzry Retorts also dealt with BORQLITE I Zirconium 

Boride. The task order for ths period covering 1953 to 1954 oalled for elimi- 

nation of BOROLITE I from the research program unless special test samples 

weie requested by government agencies. In view of this, very little work was 

done in connection with BOROLITE I and all activities were limited to some 

part making and nozssle testing as carried out in connection with government 

requests. 

A solid solution studys both of the diborides of the transition 

metals as well as of monoborides and certain other phases of the transition 

metal borides came to an end. & good understanding of the structural charac- 

teristics underlying solid solution formation of diborides «as acquired. The 

Appendix inoludes a publication which appeared in Aota Metallurgica last 

January, The physical properties of pure transition metal diborides, being 

of extreme interest from a fundamental point of viaw, were also studied and 

the results of this study will be reported in z  section of a forthcoming 

letter report. 

In summarizing the work done during the last report period, it can 

be stated that a new high temperature material has been developed making use 

of the elements chromium, molybdenum and boron.. This new high temperature 

material, designated as BOROLITE IV, appears to outperform in teiius of heat 

shock resistance, resistance to oxidation znd.  stress to rupture strength moat 
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cf the now known cermets commercially available* However, in terms of 

resistance to Impact, BOROLITE IV still has to be improved and it will be 

the main effort of this forthcoming year to impart the necessary impact 

strength and a certain amount of ductility to BOROLITE IV to make it a very 

attractive and practical high temperature material. Considerable progress 

has already been made towards achievement of tiatisfaotory impact strength        \ 
] 

through the use of new fabrication techniques and compositions. It can be 

expeoted that work along these lines now in progress can be completed during 

this project period. 
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II. DENSITY OF BOROLITE 300 AND 400 SERIES 

The immersion densities of various fully-sintered BOROLITE composi- 

tions are given in Table I* For the 300 eeriee the density ranges from 6.20 

to 6.86 g/oo, whereas the density of the 400 series is somewhat greater, 

goins from 6.77 to 7.31 g/co. 

TABLE I 

DENSITY OF BOROLITE 300 AND 400 SERIES 

300 Series 

301 6.20 

301 a 6.28 

301 b 6.36 

301 o 6.U 

301 d 6.53 

302 o.60 

303 6.69 

304 « 6.78 

305 a 6.86 

# A^  +% M  
i*AJ    BBfXBB 

Composition  Penalty (g/co)      Composition  Density (g/oo; 

401 

402 

403 

404 

7.31 

7.13 

6.88 

6.77 

a 
• i a \ "£ 

\ I 
* » 
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III. MELTING POINTS OF VARIOUS BORQLITE COMPOSITIONS 

Most of the BOROLITE coaposltioEs do not have true melting points. 

Rather, they liquefy over a range of temperature beginning with the firet 

appearance of liquid (eolidus) and ending with the temperature at which there 

is total liquid (Uquidus), 

Table II lists the approximate temperatures at "hieh liquid first 

appears for some Borolite compositions. Most of them, with the exception of 

301, melt in the region from 1500° to 1575° G. 

TABLE II 

APPROXIMATE MELTING POINTS OF BOROLITE 300 AND 400 SERIES COMPOSITIONS 

 300 Series  
Composition  Melting Pt (°C) 

  400 Series 
Composition  Melting pt (°C) 
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IV. RESISTIVITIES OF BOROLITE 30G A3D 400 COMPOSITIONS 

The electrical resistivity of 30R0LITES 300 and 400 are shown in 

Table III. They are all good conductors, their resistivities extending from 

about 27 to 78 microhm-cm at room temperature* In addition, they all have 

positive temperature coefficients of resistivity. 

TABLE III 

ELECTRICAL RESISTIVITY OF VARIOUS BOROLITE COMPOSITIONS 

1 

•5 
<3 

I I 
1 

300 Series 
„    ...    Resistivity 
Composition {mior6bam^) 

400 Series 
Resistivity 

Composition      (BlerohBHJB) 

301 

3C1 a 72 

301 0 60 

302 43 

303 40 

304 a 33 

305 a 2« 

401 27 

402 34 

403 47 

404 54 

!        « 
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V. THERMAL CONDUCTIVITY OF BOROLITE 300 SERIES 

Measurements of thermal conductivity of four different BOROLITE 300 

Composition 20° C  100° C 

301 d ,034 .0375 

302 .045 .049 

303 .061 .0635 

304 a .074 .0805 

%._ . —i—   ,—..^i...^ ——*   -•* - .       *• 

series compositions, made st 20° C and at 100° C, are given in Table IV. 

As the data show, all of them ar* good conductors of heat. 

RBTJS IV 

THERMAL CONDUCTIVITY OF BOROLITE 300 SERIES 

(cal/cm/sao^C) 

 , , j 
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VI, ROCKWELL "A" HARDNESS OF BOROLITES 

Table V shows the hardness of BOROLITE 300 and 400 series composA- 

tions, aa measured on the Rockwell nA" scale. These values range from 60 to 

88 for the 300 series and from 78 to 88 for the 400 series. 

TABLE V 

ROCKWELL "A" HARDHESS OF BOROLITE COMPOSITIONS 

300 Se: "i,e«j 
PA 

400 Series 
Composition Oo?T»os iti on     Ri 

301 86 401       78 

301 a 87 402       81 

301 b 88 403       86 

301 o 88 404       88 

301 a 86 

302 82 

303 77 

304 a 68 

305 a 60 

I 
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VII. SPECIFIC HEAT OF BOROLITE 300 SERIES AT 

ELEVftTEP TEMPERATORSS 

The results cf measurements of specific heat of various BOROLITE 

compositions at elevated temperatures are listed in Table VI- These were 

made 3n the usual manner, by measuring the temperature of a know weight of 

water contained in a calorimeter before and after immersing the heated 

specimens. 

TABLE VI 

SPECIFIC HEAT OF B0R0LITES AT ELEVATED TEMPERATURES 

I 

1 
• 

I 
i 

-•• : 

. _. - 
- .. » 

300 Series 400 Series 

Composition Co 
500° 10005 Composition 10005 

301 — .1701 401 .128? 

301 a — .1734 402 .1380 

301 d .1535 .1671 403 .1418 

302 — 404 .1507 

303 .1438 -1538 

304 a ~ — 

305 a — .1426 

h i 1 [C 
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VIII. MODULUS OF ELASTICITY MEASUREMENTS AT ROOM 

TEMPERAIURE AND AT 1000° C 

Figure 1 shows a plot of tht results of stress-strain tests on two 

different BOROLIIE ;KX) compositions at room temparature. Young*s modulus of 

elasticity baa been calculated both from these measurements and from values 

obtained by the simple beam method. The latter values, which ar« given in 

Table VII, tend to be 5om*vhat largsr than those calculated from stress- 

strain data. 

TABLE VII 

ELASTIC MODULI OF BCECLITE 3C0 COMPOSITIONS AT 
ROOM TEMPERATURE AND 1000° C 

(Simple Beam Method) 

Composition 

304 a 

302 

301 d 

Modulus of Elasticity 
(psi) Room Temp. 

43,100,000 

38,200,000 

38,300,000 

Modulus of Elasticity 
(psi) 1000°C 

31,400,000 

27,400,000 

27,500,000 

^ AMERICAN ELECTRO METAL CORPORATION 
} 10 

. 
t. 

•JJSV-       —••i   '• -.--••• ~-    .-• 

YONKErJS,   NEW   YORK 



'1 

• 

-I 

r 

f* 

Jo   K 

US 
tSd-S$3&£$ 

o 

C\j 

o 

in 

I 

x 
$ 

$ 

•—"    — 
> ? • -.* •—w 

ass» 



'• 

I 

r > ' 
IX. TRANSVERSE RUPTURE STRENGTH OF BOB.QLITE 300 

AND 400 CCMPOSITIONS AT 1800° F 

Table VIII gives the transverse rupture strength of various of 

these materials as measured at 1800° F. They range from 80,000 to 125,000 

psi for the 300 series and from 88,000 to 160,000 psi for the 400 series. 

TABLE VIII 

TRANSVERSE RDPTORE STRENGTH AT 1800°F OF BOROLITE 300 AND 400 SERIES 

 300 Series     400 Series 
Composition  T. R. Strength Cetnpoiiition  T. R. Strength 

301 80,000 

301 & 82,000 

301 b 85,000 

301 e 85,000 

301 d 88,000 

302 100,000 

303 125,000 

304 a 125,000 

305 a 105,000 

401 160,000 

432 111,000 

403 88,000 

404 108,000 

AMERICAN ELECTRO METAL. CORPORATION YONKERS. NS.W YO«K 



X. STRESS TO RUPTURE PROPERTIES OF BOROLITE 300 AND 400 SERIES 
1 
\ 

A composite ourv* of stress versus rupture life at 1800° F for a 
J 

group of BOROLITE 300 compositions is shown in Figure 2. All of them, with 

the sole exception of BOROLITE 305 a, have 100-hour lives equal to or greaisr 

than 10.000 psi. 

A similar plot for the BOROLITE 400 series is given in Figure 3. * 

These compositions, with the exception of BOROLITE 401, have still greater 
i ? 

stress-rupture strengths-r  being in excess of 10,000 psi for 1000-hour lives. 

Table IX summarizes these stress-rupture values, as measured at 

1800° F. 
\ 
i • 

TABLE IX 
: 

STRESS-RPPTURE STRENGTH OF BOROLITE 300 AND 400 SERIES AT lgQ0°F 

\ 

I 

o 

Composition 
100 Hr» Life 

(psi) 
1000 Hr. Life 

(pei) 

301 a 18.500 13,000 
301 c 
301 a 

12,000 
15,000 ii (vm 

302 s 
302 
303 
304 a 
305 a 

18,000 
13,500 
12,500 
10,000 
7,600 

13,000 

401 
401 s 
402 
403 

14,000 
24,000 
16,000 
17,500 

7,700 
19,000 
11,500 
12,500 

AMERICAN ELECTRO METAL CORPORATION 12 YONKERS. NEW YORK 
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c Two BORQLITE compositions, 302 8 and 401 8, have also been tested 

in stress-rupture at 2000° F, Figure 4 shows a plot of the results of these 

tests, comparing the curves obtained at 1800° F with the 2000° F curves. 

Table X compares the stress-rupture strengths of these compositions at 

1800° F and 2000° F for 100-hour and 1000-hour liveB. 

TABLE X 

GCMPA5Z50S OF STRESS-RuPTURE SfftEiHGTHS OF TWO BOftOLITE COMPOSITIONS 

AT 1800°F AND 2000°F 

Composition ieoo°f 
100 Hr. Life  1000 Hr, Life 

2000°F 
100 Hr. Life  1000 Hr. Life 

302 s 

401 s 

18,000 psi 

24,000 psi 

13,000 psi 

19,000 psi 

3,500 psi 

15,000 psi 

2,500 psi 

12,000 psi 

•! 

C 

\ 
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XI. ADDITIONAL PHYSICAL PROPERTIES 

The above materials have been tested for various other high 

temperature properties in addition to the ones listed above. Thermal expan- 

sion measurements in the range from room temperature to 1000° C give coeffi- 

cients for both series of B0R0LITES of between 9 x iO"6 and 10 x io"6 in./in., 

a value somewhat smaller than that of most metals* Insofar as heat shock is 

concerned, the BOROLITE 400 series compositions =sst the SAGA specifications 

of 100 cycles in the standard KACA test. The 300 series compositions are not 

as successful,, with thermal shock failures sometimes taking plaoe prior tc 

completion of the full 100 cycles* 

The oxidation performance of these materials in stagnant air at 

1000 G is very good. Most of the compositions have been able to success- 

fully withstand oxidation tests for over 1000 hours at this temperature and 

even at 11C00 C with little weight gain and slight growth in oxide ooat. 

The above BOROLITE compositions show poor performance in one pro- 

perty, namely impact resistanea. Tests on BOROLITE 300 and 400 materials at 

room temperature yield impact resistances of 2 ft. lbs. or less In the Charpy 

test and less than one inoh-lb. in the standard KAOA test, Thus a research 

program designed to Improve this particular property without harming other 

properties is now being followed. 

O 

1 i 
-. _. 
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XII. SUMMARY 

The physical properties of some new materials for use at and above 

1800° F have been described. Continuing research in connection with both 

the 300 and 400 series will probably tend to somewhat modify (increase) their 

strength characteristics as reported here; it is cot expected that density, 

electrical resistivity, specific heat and modulus of elasticity will be 

materially affooted, 

Smphaais of future research activities will be placed on Improvement 

of resistance to Impact of the materials of the 400 series. 

F. W*t Glas^r5 

£>. <^w& 
D. Moskowitz 

i i 
Li.    .1 

AMERICAN ELECTRO METAI. CORPORATION 15 
YONKERS, NEW YORK 

- .-7 ? y -'   ••-••••-• 



rtfnSSSmtHmtBt IS*. ••• '-»••» -~M «~«»»»*«««»MM^i*IISSIS5, 

V. 

! 

I 

TRANSITION METAL DIBORIDES* 

BENJAMIN POST.f FRANK W. GLASERt and DAVID MOSKOWITZt 

Structural characteristic* of eight transition metal diborides have been investigated. It was 
found that in these hexagonal compounds the length of the "a" axis is determined prim- 
arily by boron-boron contacts in the c*ie of diborides of the smaller metal atoms, 
whereas^ in the diborides of the larger metal atoms, the metal atoms are the determining 
facto ".llarged metal atoms were postulated to explain variations in lattice dimensions and "c/a 
ratios. An examination of the melting points of the diborides relative to those ol their respective 
metals indicated that they reflect primarily the strength of the Me-B bonds in these structures. The 
extent of mutual solid solubility appeared to depend mainly upon sire factor considerations. In cases 
of solid solution between two diborides where one of these was of a more highly ordered structure 
than the other, the more disordered phase was favored. 

LES BIBORURES DES METAUX DE TRANSITION 
Les biborures de huit mltaux de transition furent examines afm d'&endre la connaissan * de leurs 

caracteristiques structurales. 
On « constate1 cue la longueur de 1'axe "»'' de ces composes hexagonaux est determines, soit par 

les contacts bore-bore, soit par les contacts tntre les atomes metaiiiques, !e premier cas a'applique 
•ux biborurc* des mltaux a petits atomes, et le deuxiem» cas aux biborures" des mi'i'.ii * grands 
atome*. Un accroissement des dimensions des atomes mltalliqucs a itt proposi? pour expliquer les 
variations dans !es dimensions des r&eaux et dans les rapports c/a". U«l examen des points de fusion 
des biborures, en comparaison avec les points de fusion de leurs mttaux respectifs, a permis de con- 
stater que ceux-la refletent printipalement 1'intensit^ des liaiconr Me-B dans ces structures. L'&endue 
de soiubiiiU solid*, rr.utueUe, depend surtout du facteur de dimensions. 

Dans les cas de solution solide entre deux biborures. dont un a une structure plus ordonnee que 
l'autre, la phare la plus desordonnee prfdomine. 

'I 

I: 

c »J 

:-. . •              J 

|    V     | 
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DIBORIDE DER OBERGAK'GSMETALLE 
Stmkturelle Eij.enschaften der Diboride von acht  Obergangsmetalien warden untersuoit.  Es 

KJgte «icn. dass in diesen hexagonalen Verbindungen die Ls»££ der 
•ck-.neren Metallatomen in erster Link von den Bor-Bor Kontakten besiimmt ist 

»-Ach»e in Diboriden mit 
wahrend bei 

Diboriden mit grosseren Metallatomen die Metallatome di<? xrosse—bestimmenden Faktoren sind. 
Es wurde vine Vergrossc-unr der Metallatome postuliert, die die VerSndetungen in den_Gitter- 
kon«tan»*rt mid im ~'cla" Verhaltnis erklar«n kann. Ein Vergleich der Schmelzpunkte der Diboride 
und der der entsprechenden Metalle deutet darauf hin, dass der Schmelzpunkt der Diboride hi 
erster Linie die Stabilitat der Me-B Bindung reflektiert. Das Ausmass der gegenseitigen festen 
LosUchkeit scheibt hauptsachlich vom jeweiligin !loumbedarf Ftozuhangen. In festen Losungen von 
xwei Diboriden, von denen eine Verbindung einen hoheien Ordnungsgrad als die ande-e aufwies, 
mirde die Phase geringstwn Ordnungsgrades bevorzugt. 

Introduction 
Isomorphous diborides of eight transition metais 

(Ti [1], Zr 12), Hf [3], V [4], Nb [5], Ta [6], Cr [7] 
and Mo [?<a,b]), have been described in the exten- 
sive literature of metallic borides. Most of these, as 
well as the closely related MciB» and WiB» com- 
pounds, have been described by Kiessling in a 
'comprehensive review article [9]. 

In this paper some structural and physical pro- 
pet ties of these borides and their solid solutions 
will be discussed. 

The crystal structures of the diborides are simple. 
They are of the C-32 type. The primitive hesu£Cna! 
unit cell contains one formula weight of MeB». 
The space group is D'*-C 6/mmm, with the metal 
atom a* 0;0,Q, and boron atoms at 34, ?$> $4 and 
H» 5i> H- Ao shown in Figure I, the metal and 
boron atoms lie in alternate planar layers. Each 

•Received August 21, 1963.   
tPolyttxAiiic institute of Brooklyn, Brooklyn, New York. 
t^JBerican Electro Metal Corporation, Yonkers, New York. 
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metal atom has six equidistant closest metal neigh- 
bors in its plane, and twelve equidistant boron 
neighbors, six in the layer above and six in the 
layer below the metal atom. Correspondingly, each 
boron atom has three closest boron neighbors in its 
plane, and also forms six boron-to-metal bonds. 

Kiessling [10] has determined the ciysta! struc- 
tures of Jie closely related MoiB, an^ W.B., 
These resemble ordered modifications of the MeBt 
structure and are discussed below. 

A diboride of uranium, apparently isomorphous 
with those !iste:> above, has recently been prepared 
ill]; it is not included in this discussion, which « 
limited to diboride? of *r3;;8l*?*>r! metais of the 
first, second ard third long periods. 

i. Structural Considerations 

1. Lattice Dimensions 
Lattice constants cf the isomorphous diborides 

are listed in Table I in order of increasing length of 
th'„ "s" axis. Boron-to-boron distances are also 
listsd. 
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Studies of a number of compounds in which 
boron-boron bonds exisv ndicate that the "norms!" 
boron radius is 0.87 / i.e., the "normal" boron- 
boron separation is 1.V4 A [9]. In the MeB8 struc- 
ture, the length of the "a" axis is V3 times the 
boron-horon separation. In the borides of the 
smaller metal atoms (e.g., Cr and V )the length of 

6    («.)F*oj£cr;oN ALONG TMC'S'MX/S 
WITH  ADJftCeUT  UMiT CCUi   X/TLlK'eD 

(h) P£OJ£C7iC*t  0X73   JtC PUINC 

FIGURE 1.   Arraiigeiacr.t of meta' (Me) atoms and Boron 
(Bj atoms in MeRt. 

the "a" axis is determined primarily by boron- 
boron contacts. The length of the "a" axis in- 
creases with increasing size of the metal atoms. 
Thus, in ZrBt, the boron-boron separation, which 
must equal s/\/3, is 1.83 A, or 0.09 A in excess of 
the "normal" value. Evidently, in such borides, 
the meta! atoms are in "contact" and determine 
the length of the "a" axis. 

These elementary considerations of atomic size 
indicate that, regardless of othei factors, it is 
doubtful whether metal atoms much smaller than 
Cr, or much larger than Zr, can form diborides of 
the type discussed. The excessive separation of 
metal atoms in one case, and of boron atoms in the 
other, wouid undoubtedly lead to structural 
instability. 
2. "c/a" Ratios and Me-B Bond Lengths 

Values of the "c/a" ratios are listed in Table I. 

Norton et al [i] and Kiessling [9] h-we noted the 
fairly reguiar increase in this ratio which accom- 
panies increasing size of the metai atom. It is of 
some interest to investigate this effect more 
closely. 

Values of interatomic distances in the pure metals 
and in their diborioes are listed in Table II. It will 

TABLE I 

UNIT   Ctu.   DIMENSIONS  OF   METAL   DIUUKIDES  (IN   A) 

"a" "r." c/a (B-B) 

CrB, [7] 2.97 3.07 1.03 1.72 
VB, (41 3 00 3.06 1.02 1.73 
TiB,[l] 3 OS 3.23 1.07 1.75 
MoB, [8ol* 3.05 3.08 1.01 1.75 
TaB, [61 3.08 3.27 1.06 1.78 
NbB, [5] 3.09 3 30 1.07 1.78 
HfB. [3| 3.14 3.47 1.10 1.81 
ZrB, [21 3.17 3.53 1.11 1.83 

*Bertaut and  Blum  [8b] have reported a — 3.05 A and 
c = 3.11 A for MoB:. 

be noted that in all cases the "observed" Me-B 
bond length exceeds the corresponding calculated 
value by 0 0? + .01 A. This Me-B separation is 
related to the axial lengths in the following way: 

(1) *(M_B)  =   (j- + j) 

TABLE II 

INTERATOMIC DISTANCES IN METAL: AKD METAL DIBOSIDHS 
(IN A) 

(1) (2) (3) (1) (6) 

r(Me) in Metal r(Me) KMe) r(Me-B) (4) 
r C.N. in for (C.N.12) obi. minus 
Meta! bldCkclS C.N.12* plus r(B) 

KB)- 
0.87 A 

in MeBt (3) 

Ti 1.45 (<2) 1.45 2.32 2.38 008 
Zr 1.59(12) 1.59 2.46 2.54 0.08 
Kf 1.57(12) 1.57 2.44 2.51 0 07 

V 1.32(8) 1.37 2.2 2.31 0.07 
Nb 1.43(8) 1.48 2.3b 2.43 0.08 
Ta 1 43(8) 1.48 2.35 2.41 0.00 

0Cr** 1.36(12) 1.36 2 23 2.30 0.07 
Mo 1.3d (8) 1.41 2.28 2.34 0.03 
W 1.37(8) 1.42 — — — 
•\V>isre values for C.N. 8 were the only onc3 available, the 

values for C.N. 12 were computed using Pau!ing'9 equation 
tf f 12) - /?(8) - .300 log n [12]. 

"Values for 0 Cr have been used somewhat arbitrarily in 
this Table in p'ajc of »•»« ".ore common = Cr. The Utter is so 
small (r — 1.25 A) that it appears probable that in f>Bi the 
Cr atom has a configuration similar to that in 0 C 
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The calculated values are simply the sums of the 
"normal" boron radius and the radii of the metal 
utoms ior twelve-fold coordination. 

Evidently, the effective radii of cither the meta' 
or boron atoms, or both, are substantially greater 
than the radii used foi these "calculated" values. 

Considerable light is shed on this point by a 
consideration of the variation of the lattice con- 
stants of NbBj and TaBj with boron content [6; 
13]. These compounds show relatively wide homo- 
geneity ranges. Comparable data are not available 
for other diborides. 

Kiessling [6] has reported that at the lower boron 
limit forTaBi(ca. 64 atomic percent) "a" - 3.099A 
and "c" «= 3.224 A. At the upper boron limit (ea. 
72 atomic per cent) "a" — 3.057 A and "c" 
= 3.291 A. Similar results have b >n reported by 
Brewer el al [13] and have also been obtained in the 
course of this investigation. 

In the case of NbBi, Brewer el al. [13] f mnd that, 
at the lower boron limit (the ex-.ct homogeneity 
range was not reported) a — 3.110 A and c = 
3.285 A; at the upper boron limit a — 3.085 A and 
c " 3.311 A. 

In both compounds, however, the Me-3 dis- 
tances remain substantially constant throughout 
the homogeneity ranges;: these a.-e 2.41 A in TaBs 
and 2.43 A in NbB». It is clear from equation (1) 
that, if d(Ut-m) remains constant, an increase in "a" 
must be compensated for by a decrease in "c", and 
vice versa, as is observed. 

In both cases, too, "a" decreases as the boron 
csntent of the phase increases, and increases as the 
boron content goes down. In the MeBi structure a 
boron content in excess of the stoichiometric 
amount indicates that the boron layers are filled 
while the metal layers are only partially full; the 
converse is true in cases of boron deficiencies. 

In these borides the length of the "a" axis 
appears to be determined by the balance between 
two opposing forces: expansive forces due to 
"enlarged" metal atoms, which are opposed by 
strong cohesive forces within the boron network 
which resist any increases in the boron-boron 
Separations. In these circumstances the "a" dimen- 
sion decreases when the cohesive forces of a full 
boron layer are opposed by the weakened expansive 
forces of a partially filled metal layer. (It must be 
borne in mind that when the boron content rises to 
72 atomic per cent, as in the case of TaBj, the metal 
content is only 28 atomic per cent, and there are, 
therefore, 8 vacancies out of every 36 available 
metal positions.) Similar considerations explain the 

increase in "a" when the boron content is decreased. 
The observed variations in "c" simply compensate 
for the changes in "a" while d{u*-t) is maintained 
constant. 

"Enlarged" metal atoms have been postulated to 
explain the variations in lattice dimensions. The 
magnitude of this "enlargement" appears to corre- 
spond closely to the values listed in column 5 of 
Table II (i.e. the radii for twelve-fold coordination 
appear to increase by these amounts in MeBi). 
The length of the "a" axis will be close to twice this 
"enlarged" metal radius in cases where this in- 
crease does not involve a large increase in the 
borori-boron separation over the "normal" (1.74 A) 
value. However, in cases like ZrB» and HfB>, the 
effective radius of the metal atom in the "a"- 
direction is no greater than the metal radius for 
twelve-fold coordination. In both ZrBi and HfB* 
the strong cohesive forces in the "stretched" boron 
lattice (B-B = 1.83 A in ZrBi) prevent any expan- 
sion of the metal atoms in the "a"-directK>n. No 
such restraints are present in the "c" or the 
"Me-B" directions, and in these directions these 
metal radii increase by approximately 0.07 A. 

The variation in the c/a ratio can be explained 
on this basis. Where, as in CrBi and YBj, even th* 
expanded metal atoms are not in contact, the c/a 
ratio is small. It can readily be «hown that, when 
the metal atoms are in "contact" and the boron- 
boron separation is "normal" or close to "normal," 
the c/a ratio wrii be about 1.08. In the case of th? 
largest metal atoms the "p^rmal" increase in "«" 
is prevented by factors mentioned above and the 
c/a ratio rises to 1.10 and 1.11. 
3. Meliing Points of the Diborides 

A comparison of the melting points of the metato 
and their diborides (Table III) is cf interest. The 
melting points of diborides thai liad net previously 
been reported were determined in the course of this 
investigation. The ratios of the melting points of 
the diborides to the melting points of their respec- 
tivs metals are also listed in Table III. These ratios 
(which reflect the thermal stabilities of the dibor- 
ides. relative to the pure metals) decrease regularly 
in going from Group IV to Group VI, and decrease 
also within each group in going from, levrer to 
higher atomic numbers. The melting points of the 
pure metals behave in the opposite fashion; they 
increase in going from Group IV to Group VJ, as 
well 33 in goir,;/ from lower to higher atomic num- 
bers within a group. 

It is evident that the bonds which determine the 
thermal stability of the diborides aio uot simply 
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Me-Me bonds. Nor do they appear to be B B 
bonds. The melting points of diborides of iarge 
mcta! atoms have the !::ghest melting poii.U. 
although in these compounds the B-B separations 
are greatest, and the B-B bonds presumably weak- 
est. It therefore appears probable that the melting 
points of the diborides reflect primarily the strength 
of the Me-B bonds. 

The data in Table III indicate, too, that the 
diborides of Group VII  would,  if they existed, 

TABLE III 
MEL.INC. POINTS OF METALS AND THEIR DIBORIDES 

MP'C.       MP°C.     Ratio MP (MeB.) in °K 
Metal MeBi MP(Me) 

li 

Zr 
Hf 

V 
Nb 
Ta 

Cr 
Mo 
W 

1700 
1850 
2250 

2950 

3240 

1735 2400 
2HK5 3050 
2990    3200 

1850 
2620 
3410 

2no 
2200* 

1.62 
1.57 
1.40 

1.33 
!.'^0 
1.08 

1.02 
.83 

'Refers to melting point of WtB»; it is probable that WtB«, 
like MosBs, transforms to the MeBi form near the melt'.ig 
point. 

probably exhibit low thermal stability relative to 
the pure rnetsls. So far as is known diborides of 
these metals have never been prepared. 

These results may be compared with recent 
findings of Hagg and Kiessling [14]. Their tludics 
of ternary metal-boron systems indicate that, in 
transition metals of the first series, the strength of 
the Me-B bends (in MeB and Me»B) decreases 
with increasing atomic numbers. 

II. Solid Solutions 

It is evident that metal-to-metal replacement to 
form solid solutions should occur readily in the 
diborides. In thi3 faction we shall discuss the results 
obtained in the course of an investigation of these 
solid solutions. 

1. Preparation of Haw Material and Samples 

All the "-.:ta! diborides were prepared by direct 
synthesis from the elements. The purity of the 
products was controlled by chemical ind X-ray 
diffraction analyses. 

To obtain solid solutions, two bo.ides were mixed 
in the desired proportions and hoc pressed into bars 
approximately yi X yz X I"- Very high currents 
were then passed through these boride test samples. 
Samples were heated in this way very rapidly to 

their melting points in a helium atmosphere. Sur- 
faces which had been in contact with carbon dies 
during hot pressing were carefully ground to remove 
all surface carbon. All samples were chemically 
analyzed; these latter values, rather than the 
proportions mixed, were used in determining com- 
position. 

Solid solutions of diborides of Zr, Ti and Cr with 
all the other diborides were studied. It was felt 
that results obtained with these three dibonde 
systems would be fairly typical of ali the diborides. 
Zr is the largest metal atom of the group studied; 
Cr is the smallest; and Ti is intermediate in siz<:. 

The extent of mutual solubility was estimated 
from X-ray diffraction measurements; a Norelco 
Geiger Counter spectrometer was used for all 
diffraction experiments. 

A preliminary series of experiments conducted at 
1500°C indicated complete solid solution in only 
two of a iarge number of trials. Even in these two 
cases (Cr-V and Nb-Ti) the similarities in lattice 
constants co\i\(\ easily have disguised incomplete 
solid solution. Much higher reaction temperatures 
were clearly needed. Sample bars were then heated 
until they melted. All temperatures were measured 
optically. 

2. Results 

The results of these experiments are outlined in 
Table IV. Tabie IV also shows the reaction tem- 
perature?- reached during all tbese experiments. 
The ratios of the effective radii of the metal in the 
diborides, as computed in Part I above, are shown 
in column 2. In addition, mutual solubilities, as 
estimated from X-ray diffraction measurements, 
are shown in column 4. 

3. Disr.ussion of Results 

It can be seen, from the data in Table IV, that in 
general the so-called "15 per cent rule" is obeyed 
for the systems studied. In addition. me?»surements 
of the lattice constants of the solid solutions in- 
dicated a practically Mnear variation oi parameters 
with composition. These measurements are sum- 
marized in Table V. In a few cases, where X-ray 
diffraction measurements of 50-50 compositions of 
two diborides with favorable radius ratios; showed 
clear evidence of only one solid solution phase, 
further measurements were considered unnecessary 
for the purposes of this investigation. 

The deviations from Vegard's Law which occurred 
in a few cases wore generally positive in. the case of 
measurements of the "c" axis. This type of devia- 
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TABLE IV 

MUTUAL SoLUBnmiis OP METAL DIBORIDE ', 
(3) (4) (1) (3) (4) 

{ 

Approx. Reaction Radius Ratio Solubility Radius Ratio Solubility 
ZrB, in MeBj Temp. (°C.) %Diff. Mole % MeB, in ZrB, %Diff Mole % 

ZrBi in TiB, 3000±100 11 10S Titi.   in ZrB, 10 100 
"    " HfB, 3100±100 2 100 HfB,    "    " 2 100 
"    " VB, 2500±200 16 0-5 VB,      "    " 14 10-15 
"    " NbB, 3000*100 8 100 NbB,   "    " 7 100 
"    " TaB, 3000 ±100 8 100 TaB,    "    " e 100 
"    " CrB, 3100*100 17 0-5 CrB,     "    " 14 10-15 
"    " MoB, 2600*100 14 100 MoB,   "    " 12 100 
"    "WiB, 2700*100 13 * VVB,     "    " VI • 

TiB, in MeB, MeB, in TiB, 
TiB, in ZrB, 8000*100 1A 100 ZrB,     in TiB, 11 100 

"    " HfB, 3000*100 8 100 HfB,    "    " 9 100 
"    " VB, 2700*100 5 100 VB,      "    " 6 100 
"    " NbB, 3000*100 3 100 NbB,   "    " 3 100 
"    " TaB, dOOO±10C 2 100 TaB,    "    J' 2 100 
"    " CrB, 2100*10(i 6 100 CrB,     "    " 6 100 
"    " MoB, 25CG±10C 3 109 MoB,   "    " 3 100 
"     •' WsB: 3700*100 2 • WB,     "    " 2 • 

CrB, in MeB, MeB, in CrB, 
CrB, in TiB, 3100*100 5 100 TiB,     in CrB, 6 100 

"    " ZrB, 3100**00 14 10-ia ZrB,     "    " 17 0-5 
"    " HfB, 2500*100 13 5 HfB,    "    " 16 0-6 
"    " VB, — 100 VB,      "    " — fm 

"    " NbB, 2500*100 8 100 ribB,   "    " 8 100 
"    " TaB, 2500*100 7 100 TaB,    "    " 8 100 
"    " MoB, 2000*100 3 100 MoB,   "    " 3 !S0 
"    "W,B, 2100+100 3 • WB,     '•    " 3 • 

•Exact limit* not aa yet determined. 

TABLE V 

CALCULATED /.KD OBSERVED LATTICE G INSTANTS or METAL 
DIBORIDB SOLID SOLVTIOKS 

(60-60 Mole Per cent) 

" »" c" 
Calc. Observed Calc. Observed 

/Ol+0,\ 
V    2    ) (r¥) 

Cr/Ti 3.00 2 99 3.H7 a. 14 
V 2.984 2.99 3.0«1 3.045 
Nb 3.03 3.185 3.20 
Ta 3ii23 3.025 3.165 3.21 
l/io 5.005 3.01 3.065 3.12 

Ti/Zr 3.098 3.10 3.379 3.393 
Hf 3.085 3.085 3 35 3.368 
V 3.013 3.C1 3.142 i.!5 
Nb 3.054 3.06 3.286 3.264 
Ta S.053 3.C5 3.246 3 246 
Mo 3.035 3.035 3.147 3 206 

Zr/Hf 3.155 3.156 3.30 3.497 
Nb 3.129 3.128 3.426 3 42 
Ts 3 124 3.12 3 397 3.40 
Mo 3 !06 3 085 3.30 3 40 
Ti 3.098 3.098 3.38 3.39 

tion is consistent with the considerations discussed 
above in Part I. In Table IV a number of reactions 
where only limited solubility could be observed are 
listed. The extent of solubility was estimated from 
X-ray diffraction measurements of lattice constants. 
It was assumed that, in the regions of interest, 
lattice constants varied linearly with composition. 
It was estimated that solubility limits could be 
approximated in this way to within 5 per cent by 
interpolation. 

It will be noted that the behavior of the MoBf 
solid solutions showed anomalous variation of 
lattice constants with composition. Large and 
positive deviations of the "c" axis were observed 
in the solid solutions with ZrB,, TiBs and CrB,. 
The cause of these deviation; is difficult to deter- 
mine ; it is, however, probably related to the 
variations which have been observed in the reported 
values of the lattice constants of pure MoBj 
(Table I). 

Efforts were also made to picpare oOiiu solutions 
of MotBi and W,B». As was mentioned above, the 
structures of these two compounds are very similar; 
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they differ only in the lengths of the "c" axes> i.e., 
in the extent of ordering in the "c" direction. In 
WiB, the sequence of rr.rta! sheets in the "c" 
direction is AABBAA ;in Mo,Htitia A ABBCC A A. 
Planar and puckered 'ayers of boron atoms alter- 
nate between layers of metal atoms. In both V'/gB| 
and MOJBJ separations between layers of metal 
atoms are of two types; they are 3.07 A and 
3.85 A in WjB6, and 3.13 A and 3.82 A in 
MoiBi. 

It was found that larger amounts of MojBj can 
be accommodated in the WjB« structure than vice 
versa. The WiB§ phase isi the more disordered of the 
two and its structure is favored in solid solution 
formation. 

Similar results were observed in the TiBj-WjBi 
system. In solid solutions containing 50 mole per 
cent of each compound, the phase present had the 
MeBt structure. 

The result in this latter case is of particular 
interest since repeated efforts to prepare pure WB» 
were unsuccessful. It is possible that this compound, 
like MoBt [8a], forms at high temperatures; how- 
ever, thi3 phase (W6j) was not observed 
at room temperature even after very rapid 
quenching of the high temperature reaction 
product. 
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